High temperature solders that will not be affected in the subsequent thermal treatment are required in the step soldering process of multi-chip module (MCM) packaging. High-Pb solder alloys such as 95Pb-5Sn (numbers are all in mass% unless specified otherwise) are currently being used for this purpose. However, the development of the Pb-free solder alloy for high temperature applications is needed due to environmental issues. The solder alloys of Bi-Ag, Sn-Sb and Au-Sb-Sn systems are considered as candidates in this study. Aided by thermodynamic calculations, several specific compositions have been chosen and they were investigated in terms of melting behavior, electrical resistivity, wetting angle and hardness. The Bi-Ag alloy exhibited poor electro-conductivity while the Sn-Sb system had low melting temperatures. The ternary Au-Sn-Sb solder alloy shows prospects for high temperature applications in spite of poor wetting properties.
Introduction
Advanced packaging technology is required because electronic devices are operating faster and becoming smaller, lighter and more functional. As a result, many advanced packaging technologies such as flip-chip technology, ball grid array (BGA), chip-scale package (CSP) and multi-chip module (MCM) have been developed. The MCM, one of the most advanced forms of electronic packaging, is a group of highly functional electronic devices interconnected to the substrate by fine-line circuitry, usually in the form of multilayers. The significant benefit of MCM is the increased system performance that results from the drastically shortened interconnection length between integrated circuit devices (chips). 1) When integrated circuit chips are packaged in MCM, step soldering is used.
Step soldering is a method to solder various levels of the package with different solders of different melting points so that the soldering of each successive level or step does not melt the previously soldered joint inadvertently. 2) In general, the 95Pb-5Sn solder with a melting temperature of 308-312
• C is used for high temperature applications in step soldering. However, due to environmental issues, the use of Pb is restricted and new Pb-free high temperature solder alloys are required.
In designing new Pb-free high temperature solder alloys, the melting behavior is important. In recent MCM packages, polymers are used as dielectric materials in the substrate, which implies that the glass transition temperature of the polymer, around 350
• C, 3) may be the upper limit of temperature in soldering. The subsequent process temperature is the lower limit of melting points of solders so that the soldered joints should not melt in the subsequent process. Pb-free solder alloys that satisfy this melting characteristic are necessary. The mechanical and electrical properties of solders are important, too, because solder joints connect mechanically and electrically integrated circuit chips with the substrate.
In this study, the Sn-Sb, Bi-Ag and Au-Sn-Sb alloys were selected to replace 95Pb-5Sn for step soldering used in MCM and they were investigated in terms of melting behavior, electrical resistivity, wettability and hardness. Solder alloys with optimum properties will be determined in this way.
Experimental Procedures
All alloys were prepared from pure metals (purity higher than 99.9%). Samples were encapsulated in quartz tubes under vacuum, melted and mechanically mixed. As-cast alloys were obtained by cooling in air. X-ray diffraction (XRD) measurements were performed to identify the phases formed in the solder alloys, and energy-dispersive X-ray (EDX) analyses were used to measure compositions. The microstructures were observed using scanning electron microscopy (SEM).
Vickers hardness tests were performed at a load of 300 g in order to examine the mechanical properties. The electrical resistivity was measured from thin foil samples. The 50 to 150 µm thin foil samples were prepared by melting a small amount of solder placed between two sheets of plate glass in a nitrogen-purged oven at 350
• C. 4) The electrical resistivity was measured by four-point probe. To check the current method, pure Sn and Bi foils were prepared in the same way and their resistivity measured 11.77 and 107 µ ·cm, respectively, which were in good agreement with published data of 11.5 and 107 µ ·cm.
5) The wettability was measured by the wetting angle of solders on Cu and Ni substrates. Solder alloys (0.3 g in mass) were put on both substrates. The 0.5 mm thick substrate was polished with 1 µm diamond paste and cleaned in aceton and ethanol solution. Soldering was performed in a convection reflow furnace longer than 60 s. The peak temperature was 330
• C. The wetting angle was calculated from a cross section view of the joint specimen. 6) 3. Results
Sn-Sb system
The Sn-5Sb system is an alloy with a high melting point that has been developed to replace the widely used Sn-37Pb solder. 4) According to the calculated phase diagram of SnSb shown in Fig. 1 , 7) the melting temperature of Sn-5Sb is 240
• C and it is slightly low for high temperature applications. Hence, an additional Sn-10Sb alloy with a higher amount of Sb was chosen as another candidate together with Sn-5Sb. Figure 2 shows SEM images by secondary electron (SE) mode of as-cast Sn-5Sb and Sn-10Sb alloys. While the β-Sn matrix was observed without a secondary phase in Sn5Sb, the distribution of secondary particles was observed in Sn-10Sb. Figure 3 shows XRD patterns of as-cast Sn-5Sb and Sn-10Sb alloys. Although the β-Sn matrix was observed alone without any secondary phase through SEM observation of Sn-5Sb, the existence of the β-SbSn phase was detected together with β-Sn in both alloys. The secondary phase was identified as β-SbSn. The distribution of β-SbSn particles in the β-Sn matrix may result in improvement of mechanical properties and the Vickers hardness increased from 20.04 to 29.5 Hv with an increased Sb content from 5 to 10 mass%. Although the resistivity of Sn-Sb increased with Sb, it was similar to that of 95Pb-5Sn. It has been reported that the wettability of Sn-Sb was improved with Sb, 8, 9) however, it decreased in this work. The basic properties of Sn-Sb alloys and other solder candidates are listed in Table 1 . The electrical resistivity of Au-20Sn is from Tummala et al.
10)

Bi-Ag system
The melting point of Bi is 271
• C and it satisfies the temperature requirement for step soldering while the resistivity of Bi is 107 µ ·cm and it is not suitable for high performance devices. As the conductivity of Ag is better, the addition of Ag to Bi is supposed to reduce resistivity. The calculated phase diagram of the binary Bi-Ag system is shown in Fig. 4 . 11, 12) The Bi-2.5Ag alloy can be a good candidate because this composition is eutectic. The Bi-5Ag solder that contains more Ag was also selected to lower the resistivity. Figure 5 shows SEM images by back-scattered (BS) mode of as-cast eutectic Bi-2.5Ag and off-eutectic Bi-5Ag. In Fig.  5(a) , the distribution of Ag particles in the Bi matrix is observed clearly, and the primary Ag phase of the capital letter 'H' shape is observed in Fig. 5(b) . The XRD patterns of Bi-2.5Ag and Bi-5Ag are shown in Fig. 6 . The resistivity of the Bi-Ag alloy was originally supposed to decrease with Ag content, however, the addition of Ag to Bi did not reduce the resistivity of the Bi-Ag solder alloy probably due to the heterogeneous microstructure. This must have exerted a pronounced effect in impeding the electron motion, thereby increasing resistivity.
13) The Bi-Ag alloys showed poor wettability on both Cu and Ni substrates. The hardness values of Bi-2.5Ag and Bi-5Ag alloys were similar to that of Pb-5Sn, but the Bi-Ag alloys showed weak and brittle behavior during handling of the specimen.
Au-Sn-Sb system
The Au-Sn solder has been used in the flip chip 14) because the melting point of Au-20Sn, 280
• C, satisfies the temperature requirement. Due to the high cost of Au, the Au content needs to be reduced. It has been reported that alloying of Sb to Au-20Sn does not alter the melting temperature significantly. 15) In this regard, the Au-Sn-Sb system was chosen in this work and the phase diagram was calculated and shown in Fig. 7 .
16) The differential scanning calorimeter (DSC) analysis was performed especially for Au-20Sn-5Sb to observe the melting behavior. Both alloys of Au-20Sn and Au-20Sn-5Sb were tested here. Figure 8 shows the BS-SEM images of the as-cast Au20Sn-5Sb alloy. The typical eutectic lamellar structure was observed in the matrix. The elongated gray particles were identified as AuSn. A line compound of the Au(Sb, Sn) 2 phase 15, 16) exists according to phase equilibria, which implies that the Sb site in Au(Sb, Sn) 2 is substituted by Sn atoms. The blocky dark gray particles were determined as AuSb 2 Bi-5Ag
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Temperature, T / C the Sn content in this phase was measured at about 15 at%. Figure 9 shows XRD patterns of Au-20Sn and Au-20Sn-5Sb. The Vickers hardness did not change much with an addition of 5Sb. The resistivity and the wetting angle increased with alloying of 5Sb.
Discussion
The calculated melting temperatures of selected solders and the required melting temperature range for step soldering are presented in Fig. 10 . As the polymer with a glass transition temperature of around 350
• C 3) is used as dielectric materials of substrate, the upper limit of the melting temperature of high temperature solders is 320
• C in considering that the reflow temperature is about 30
• C higher than the melting temperature of solders. If the Sn-37Pb solder is used in the next level packaging, the lower melting temperature limit is 215
• C which is 30
• C higher than the melting temperature of Sn-37Pb, 183
• C. When the Sn-3.5Ag solder is used for the next level, the lower melting temperature limit is 255
• C because the melting point of Sn-3.5Ag is 221
• C. Assuming that the Sn-3.5Ag solder is used in the next level packaging, the required melting temperature for step soldering is between 255 to 320
• C. According to Fig. 10 , Sn-5Sb and Sn-10Sb are not suitable for high temperatures when Sn-3.5Ag is used in the subsequent packaging. Other solders are satisfactory in terms of the melting temperature. The liquidus temperature of Au-20Sn-5Sb is higher than 320
• C and the melting range is so wide that modification of composition may be necessary.
Vickers hardness values of various solders are shown in Fig. 11 . All of them are larger than that of Pb-5Sn, 8.9 Hv. The hardness of Au-20Sn and Au-20Sn-5Sb is, especially, 20 times as large as that of Pb-5Sn, and the addition of 5Sb did not change the hardness of Au-20Sn. Kloeser et al. 14) tested the Au-20Sn bump electroplated on Pd/Ag metallization and found that no electrical failures occurred in the chips with underfill after 6500 thermal cycles. The hard solders of Au-20Sn and Au-20Sn-5Sb appear to sustain high enough stress with proper underfill. Although the hardness of Bi-2.5Ag and Bi-5Ag is similar to that of Pb-5Sn, the BiAg alloy showed brittleness during experiments. This alloy looks unsuitable for solder alloy because of weak and brittle behavior.
The resistivitiy of solder candidates is shown in Fig. 12 . Except for Bi-2.5Ag and Bi-5Ag, the resistivity is similar to that of Pb-5Sn. The resistivity of Bi-2.5Ag and Bi-5Ag is so large that Bi-Ag systems may be unsuitable for high performance devices. The wetting angles measured on Cu and Ni substrates are shown in Fig. 13 . The Bi-2.5Ag and Bi-5Ag alloys showed poor wettability on both Cu and Ni substrates, and the Sn-5Sb and Sn-10Sb alloys exhibited good wettability that is compatible with that of Pb-5Sn. It is, however, notable that the good wettability of Sn-Sb alloys may have come from the high reflow temperature, 80
• C higher than the melting temperature of Sn-Sb alloys. The Au-20Sn and Au20Sn-5Sb alloys showed high wetting angles, which necessitates the development of wettable layers such as Pd/Ag 14) for under bump metallurgy (UBM) of the Au-Sn-Sb solder system.
Summary
Three kinds of Sn-Sb, Bi-Ag and Au-Sn-Sb alloys were selected to replace the Pb-5Sn solder for step soldering used in MCM and they were investigated in terms of melting behavior, electrical resistivity, wetting angle and hardness. The Bi-Ag solders exhibited poor properties in all the tests. The Sn-Sb solders showed desirable properties but it is likely that the next level packaging process may affect the Sn-Sb solder. The Au-Sn and Au-Sn-Sb solders showed a high potential as Pb-free high temperature solders only with further modification of compositions for improvement of melting behavior and the development of UBM to enhance wetting.
